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Objective: Rotation of the left ventricular apex relative to the base, or left ventricular
torsion, is related to myocardial contractility and structure and is a sensitive
indicator of cardiac dysfunction. We have quantified left ventricular systolic rotation
and torsion in patients with dilated cardiomyopathy before and after partial left
ventriculectomy in an attempt to characterize the effects of this surgical procedure
on ventricular ejection mechanics.
Methods: Magnetic resonance imaging with tissue tagging was performed before
partial left ventriculectomy in 24 patients, 9 of whom underwent repeat imaging 3
months after surgery. Left ventricular rotation was quantified in each patient at three
short-axis levels: apex, midventricle, and base. Torsion was defined as the difference
between basal and apical rotation at any time. Results were subdivided for regional
analysis at each level and related to cardiac function (ejection fraction, cardiac
index, and velocity of circumferential fiber shortening).
Results: Before surgery, left ventricular rotation was regionally heterogeneous and
abnormal in magnitude and pattern, and increased end-systolic torsion was associ-
ated with better cardiac function. After surgery, clinical indices of cardiac function
showed improvement; however, rotation magnitude was unchanged at the apex and
reduced at the base and midventricle, particularly in the anterior wall and septum.
Conclusions: The pattern and magnitude of ventricular rotation were impaired by
dilated cardiomyopathy. Left ventricular rotation and torsion were further dimin-
ished after partial left ventriculectomy, indicating that improvement in clinical
indices of cardiac function was not reflective of an improvement in this measure of
myocardial mechanics.
The mammalian left ventricle (LV) consists of obliquely orientedmuscle fibers that vary from a right-handed helix at the subendocar-dium to a left-handed helix at the subepicardium, with most myofi-bers in an approximately circumferential orientation.1 The functionalresults of this 3-dimensional structure are cyclic twisting and un-twisting of the LV apex relative to the base (torsion) that accompany
contraction and relaxation, respectively, and are thought to equalize fiber stress and
sarcomere length across the LV wall.2,3
Studies of LV torsion have shown that in healthy hearts all short-axis levels from
base to apex rotate counterclockwise, when viewed from the apex, during isovolu-
mic contraction.4 This is followed by a divergence of basal and apical rotation, with
the apex continuing counterclockwise while the base reverses direction and rotates
clockwise during ejection. Rotation in intermediate levels varies smoothly between
that exhibited at the base and apex.4 Furthermore, alterations in the pattern or
magnitude of LV rotation and torsion have been associated with cardiovascular
disease.5-9
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It has been shown that myofiber orientation is preserved
in patients with dilated cardiomyopathy (DCM).10 Cardiac
function is significantly impaired, however, and the extra-
cellular matrix undergoes significant changes as the disease
progresses.11
Partial left ventriculectomy (PLV), pioneered by Batista
and colleagues12 as a treatment for end-stage heart failure,
involves excision of a significant portion of the LV free wall
in an attempt to reduce LV wall stress and bring geometry
back toward normal. Clinical results with this procedure
have been variable, with high mortality and few a priori
predictors of patient outcome,13,14 and thus it has been
discontinued at most institutions, including our own. Many
studies of clinical indices of ventricular function have been
performed in patients after this procedure,13,15 and several
modeling studies have attempted to predict alterations in LV
mechanics after PLV.16,17 However, few studies have ex-
amined the functional consequences of PLV with respect to
ventricular mechanics.7 The aims of this study were there-
fore to characterize the mechanics of ventricular ejection in
patients with DCM by quantifying the time course of LV
systolic rotation and torsion and to quantify the effects of
PLV surgery on LV rotation and torsion in these patients.
Methods
Patients
Twenty-four patients with DCM (15 male, age 55  13 years)
undergoing magnetic resonance imaging (MRI) for surgical plan-
ning before PLV at the Cleveland Clinic Foundation between June
1996 and July 1998 (the procedure was discontinued soon after)
were included in this study (16  24 days between baseline MRI
and PLV). All patients had previously diagnosed DCM of either
idiopathic (n  18), valvular (n  2), or familial (n  1) origin,
and all had New York Heart Association functional class III (n 
12) or class IV (n  12) symptoms of heart failure.
Ten patients returned for follow-up MRI examination approx-
imately 3 months after PLV (97  22 days between PLV and
postoperative MRI). The remaining patients did not undergo fol-
low-up MRI either for clinical reasons, including death or place-
ment of an LV assist device (n  8), because of prohibitive travel
distance (n  5), or because of new absolute contraindications to
the technique, such as placement of a permanent pacemaker (n  1).
All data obtained for this study were reviewed and approved by
the Cleveland Clinic Foundation institutional review board. All
MRI examinations were clinically indicated and were conducted
according to an institutional review board–approved protocol with
approved waivers of individual consent.
Surgical Procedure
The surgical technique used in the PLV procedure has been de-
scribed elsewhere.18 Briefly, a wedge-shaped section of the basal
to middle LV free wall between the papillary muscles, supplied by
the circumflex coronary artery, was excised in all 24 patients. This
was accompanied by mitral valve repair in 23 cases, DeVega
tricuspid valve annuloplasty19 in 11 cases, resection and resuspen-
sion of papillary muscles in 11 cases, coronary artery bypass
grafting in 2 cases, and mitral valve replacement in 1 case (Table 1).
Imaging
MRI examinations were performed with a 1.5-T whole-body scan-
ner (Magnetom Vision; Siemens Medical Systems, Erlangen, Ger-
many). After conventional scout imaging, dynamic image loops
were acquired along the cardiac short axis in contiguous slices
from the mitral valve to LV apex with an electrocardiographically
triggered, segmented k-space, cine gradient echocardiographic
protocol (FLASH, TE 4.8 ms, sequence TR 100 ms, flip angle 20°,
slice thickness 8-10 mm, field of view 300-360 mm with 6/8-8/8
rectangular matrix starting with 256256 lines). Temporal reso-
lution was 50 ms with view sharing.20 For patients capable of
repetitive 6- to 10-second breath holds, a single signal average was
used. Otherwise, three averages were used during free breathing at
each level. Dynamic tagged short-axis image loops were acquired
at the locations of the cine images with an electrocardiographically
triggered, segmented k-space, gradient echo grid tagged imaging
protocol (Spatial Modulation of Magnetization, grid tag line spac-
ing 8 mm, with TE 4 ms, sequence TR 90 ms, flip angle 15°,
temporal resolution 45 ms, with field of view and matrix param-
eters matching the cine gradient echo sequence).21 Conventional
dynamic phase-contrast imaging was used to measure instanta-
neous volume-flow through the ascending aorta over the cardiac
cycle (acquisition parameters TE 5 ms, TR 24 ms, flip angle 30°,
slice thickness 6 mm, field of view 300-350 mm, 6/8-8/8 rectan-
gular matrix starting with 128256 lines, and three signal aver-
ages).22
Data Analysis
Image analysis was performed on an Argus cardiovascular image
analysis workstation (v2.0; Siemens Corporate Research, Prince-
ton, NJ).
In cine images at all short-axis levels, the LV myocardium was
delineated at end-diastole and end-systole. The mass and blood
pool volume of each slice were computed as the area between the
endocardial and epicardial contours and within the endocardial
contour, respectively, multiplied by the slice thickness. LV mass
and LV volumes at end-diastole and end-systole were computed by
summing individual slice values.
Three LV short-axis levels were identified for systolic function
analysis in each patient. The midventricular level was defined first
with image loops in which papillary muscle insertion points were
visualized throughout the cardiac cycle. The basal level was de-
fined by the image loops closest to the mitral annulus in which no
valve plane or membranous septum was visualized at any point
during the cardiac cycle. Apical level image loops were found at
approximately 50% of the distance between midventricle and LV
apex in which sufficient myocardial thickness was present for
analysis and the right ventricle was visible.
At midventricle, the mean velocity of circumferential fiber
shortening (Vcf) was computed as Vcf%D/LVET, where %D
is percentage fractional shortening and LVET is ejection time
estimated from MRI image loops.23
Each data set was subdivided for regional tagging analysis, ac-
cording to individual patient anatomy (Figure 1). Basal and midven-
tricular levels were each divided into four regions: anterior, inferior,
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lateral, and septal. The limits of the septum were defined by the
insertion points of the right ventricle, and the lateral wall extended
between the papillary muscles, with anterior and inferior wall assign-
ments dependent on those definitions. The apical slice was divided
into only two regions, septum and free wall, with the septum defined
as myocardium between the right ventricular insertion points.
For grid-tagged short-axis image analysis, epicardial and endocar-
dial contours were traced manually at end-diastole at each level, to
define the myocardium and for calculation of slice center of mass. Tag
intersection points within the myocardium were then identified auto-
matically by the image analysis software and manually corrected by
the operator in all systolic frames (Figure 1). The grid overlay in each
frame was reduced to triangular tissue elements, and the centroid of
each element relative to the slice center of mass was determined.4 The
end-diastolic position of each element centroid was used as a refer-
ence for rotation analysis. The rotation of any triangular element was
defined as the angle between radial lines connecting its centroid with
the slice center of mass at end-diastole and any other systolic frame.
By convention, counterclockwise rotation was considered positive as
viewed from the apex toward the base.4
Global rotation was defined as the average rotation of all
triangular elements in a slice. Regional rotation was defined as the
average rotation of all triangular elements in that region at a
particular level. Torsion was defined as the difference in global
rotation between the basal and apical levels.
Tissue contained in the lateral wall in basal and midventricular
levels at baseline was removed during surgery. This region there-
fore was excluded from the post-PLV analysis.
The ascending aorta was manually delineated in systolic phase-
contrast images to calculate net forward LV volume flow, or
effective stroke volume. Mitral regurgitant fraction was calculated
as the difference between stroke volume and effective stroke
volume divided by stroke volume.
Statistical Analysis
Comparisons made between baseline and post-PLV values in-
cluded only results from the 9 patients for whom data were
acquired at both time points, and their statistical significance was
assessed with the Wilcoxon signed rank test.24 The significance of
all unpaired comparisons was assessed with the Mann-Whitney
rank sum test.24
Results
At baseline, tagged image data were analyzed in 21 of 24
studies. Three data sets were not analyzed either because the
MRI examination was prematurely ended at the patient’s
request (n  2) or because images were not suitable for
analysis as a result of inadequate respiratory compensation
(n  1). Post-PLV tagged image data were analyzed in 9 of
TABLE 1. LV morphologic and functional status in patients at baseline, with surgical interventions performed for each
patient for whom baseline MRI data were acquired
Patient
Age
(y) Sex NYHA
LVM
(g)
EDV
(mL)
EF
(%)
MRF
(%)
CI
(L/[min · m2])
Vcf
(circ/s)
Surgical
interventions
1 47 M 4 339 315 12 —* 2.0 0.06 1
2 67 F 3 522 621 11 —* 3.4 0.31 1
3 61 M 3 320 266 21 38 1.9 0.33 1, 2
4 50 M 3 437 536 19 38 4.8 0.31 1, 3
5 58 M 3 555 737 8 0 3.1 0.11 1, 2, 3
6 46 F 4 237 176 41 21 2.9 0.82 1, 3
7 57 M 3 345 337 12 21 2.2 0.18 1, 2
8 34 M 4 453 621 9 54 3.0 0.09 1, 2
9 66 M 3 281 292 12 50 2.7 0.08 1, 3, 4
10 62 M 4 499 541 14 0 2.3 0.30 1
11 52 M 4 614 613 11 50 3.3 0.68 1, 2
12 62 M 3 420 319 41 56 4.7 0.20 1, 3
13 67 M 3 377 610 8 47 2.7 0.80 1, 2, 3
14 50 F 3 378 184 33 0 2.8 0.13 5
15 62 M 4 377 327 28 34 3.1 0.78 1, 2
16 71 F 4 341 353 11 —* 1.7 0.62 1, 2, 3
17 68 F 3 284 237 20 —* 2.5 0.58 1, 2
18 53 F 4 374 466 12 57 3.0 0.30 1, 2, 3
19 64 M 3 468 366 25 41 3.6 0.23 1, 3
20 17 M 4 300 354 47 81 8.7 0.22 1, 2
21 43 M 3 541 771 16 74 5.5 0.21 1, 3
Mean 55 3.4 403 431 20 36 3.3 0.35
SD 13 0.5 102 179 12 28 1.6 0.25
P value† NS NS NS NS NS NS NS
Surgical-interventions were as follows: 1, Mitral valve repair; 2, DeVega tricuspid valve annuloplasty; 3, papillary muscle resection and resuspension; 4,
coronary artery bypass grafting; 5, mitral valve replacement. See text for details. NYHA, New York Heart Association functional class; LVM, LV mass; EDV,
LV volume at end-diastole; MRF, mitral regurgitant fraction; CI, cardiac index; NS, not statistically significant.
*Not computed because phase-contrast data were not acquired.
†P values represent comparisons between patients with a post-PLV examination (patients 1–9) and those without a post-PLV examination (patients 10 –21).
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10 studies, with 1 data set not analyzed because of the
absence of baseline images. Also, data were incomplete in 1
additional post-PLV study (patient 9), in which apical
tagged images were unsuitable for analysis because of elec-
trocardiographic triggering errors (although basal and mid-
ventricular data were analyzed in this case).
LV Function and Effects of Surgery
LV morphologic and functional data for each patient at
baseline are detailed in Table 1. The effects of PLV surgery
on the 9 patients who underwent post-PLV MRI are shown
in Table 2. The average decreases in LV volume at end-
diastole and LV mass from baseline were 187  119 mL
and 115  48 g, respectively (P  .02 for each). No
statistically significant differences existed in LV mass, LV
volume at end-diastole, ejection fraction (EF), mitral regur-
gitant fraction, cardiac index, or Vcf at baseline between
those patients with post-PLV data (patients 1-9) and those
patients without post-PLV data (patients 10-21; Table 1).
LV function results were mixed after PLV, with signif-
icant increases in EF and Vcf relative to baseline but no
change in cardiac index (Table 2). In patients who under-
went post-PLV studies, baseline EF was 16%  10% and
Vcf was 0.25  0.24 circ/s. Changes in Vcf after PLV
resulted from increases in both %D (8%  7% baseline,
14%  6% after PLV, P  .02) and RR interval (637  94
ms baseline, 768  84 ms after PLV, P  .02).
LV Rotation
Baseline global systolic rotation is shown in Figure 2 for
each of the 21 subjects with adequate grid tagged image
data. Mean baseline end-systolic rotations were 1.9° 
4.3° at the apex,2.5° 3.2° at midventricle, and3.5°
2.7° at the base.
Global end-systolic rotations at baseline and after PLV
are displayed in Figure 3 for each of the 9 patients with data
at both points, with pooled global rotation results shown in
Figure 4. In these patients, mean baseline end-systolic ro-
tations were 3.2°  5.0° at the apex, 3.3°  3.6° at
midventricle, and 3.2°  2.7° at the base. Mean end-
systolic rotations after PLV were 1.4°  4.2° at the apex
(P  .22), 0.4°  2.4° at midventricle (P  .02), and
1.0°  2.0° at the base (P  .05).
Regional end-systolic rotations at baseline and after PLV
are also displayed in Figure 4. End-systolic rotation was not
altered significantly in the apical septal or apical free wall
regions after PLV. Also, inferior wall end-systolic rotation
was unchanged at the midventricular and basal levels. How-
Figure 1. Midventricular tagged short-axis images from patient 1.
Image at top was acquired at end-diastole and shows how basal
and midventricular slices were subdivided into anterior (ANT),
lateral (LAT), inferior (INF), and septal (SEP) regions. Image at
bottom was acquired 45 ms into systole and shows grid overlay
used to track tag intersections during systole.
TABLE 2. LV morphologic and functional status in patients
3 months after PLV
Patient NYHA
LVM
(g)
EDV
(mL)
EF
(%)
MRF
(%)
CI
(L/ [min · m2])
Vcf
(circ/s)
1 3 220 220 41 —* 3.0 0.66
2 3 465 427 18 22 2.9 0.31
3 2 257 202 31 39 2.5 0.57
4 2 297 272 23 20 3.2 0.49
5 2 381 308 19 0 3.0 0.28
6 3 179 138 41 33 2.3 0.92
7 3 236 170 27 0 2.4 0.49
8 4 313 404 20 0 3.6 0.35
9 3 321 322 17 23 2.3 0.3
Mean 2.8 297 274 26 17 2.8 0.48
SD 0.7 88 101 9 16 0.5 0.21
P value† .02 .02 .02 .02 NS NS .02
NYHA, New York Heart Association functional class; LVM, LV mass; EDV,
LV volume at end-diastole; MRF, mitral regurgitant fraction; CI, cardiac
index; NS, not statistically significant.
*Not computed because phase-contrast data was not acquired.
†P values represent paired comparisons with baseline results.
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ever, anterior and septal end-systolic rotations at both the
midventricular and basal levels were significantly altered
after PLV.
LV Torsion
Systolic torsion at baseline and after PLV in applicable
patients is shown in Figure 5. Mean end-systolic torsion in
these patients (n 8) was 0.0° 3.0° at baseline and0.2°
 3.2° after PLV (P  .73). If the results from all 21
patients are considered (Table 1), the mean end-systolic
torsion at baseline was 1.6°  3.5°.
At baseline, the relationship between end-systolic torsion
and LV function was statistically significant (P .01 for EF
and P  .01 for Vcf). In patients with baseline torsion of at
least 2° (patients 3, 12, 14, 15, 18, 20, and 21), EF was 28%
 13% and Vcf was 1.44  0.74 circ/s. In the remaining
patients, however, all of whom had baseline torsion of 1° or
less, EF was 15%  9% and Vcf was 0.61  0.54 circ/s.
Discussion
The counterclockwise twisting of the LV apex relative to
the base (torsion) during systole is a direct result of the
3-dimensional structure of LV myocardium and is related to
systolic wall thickening and the ejection of blood.26 Ven-
tricular torsion has been studied with a variety of tech-
niques, ranging from radiopaque markers implanted in the
myocardium to cine MRI with tissue tagging.3-9,25-27 As a
result, the patterns of LV rotation and torsion have been
quantified in species from mouse to human being and have
been shown to represent a fundamental property of mam-
malian hearts.27 Using mathematical models, it has been
shown that torsion is necessary for uniform systolic fiber
shortening across the myocardium, which may have impli-
cations for minimizing oxygen consumption.2,3
Alterations in the pattern or magnitude of systolic rota-
tion and torsion are a sensitive indicator of myocardial
disease,5-9 as recently demonstrated in a study that reported
Figure 2. LV systolic rotations at apex (triangles), midventricle (diamonds), and base (circles) in all 21 patients at
baseline. Patients typically exhibited identical rotation at all short-axis levels for the first approximately 20% of
systole, at which point they diverged into one of two patterns: either continuation of identical rotation at all levels
for the remainder of systole (eg, patient 1) or a divergence of rotation so the apex and base rotated in opposite
directions (eg, patient 3).
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diminished systolic torsion in an animal model of tachycar-
dia-induced cardiomyopathy.9 Also, because torsion is de-
fined as twisting of the LV apex relative to the base, changes
in rotation at either short-axis level may adversely affect LV
torsion. End-systolic rotation has been reported previously
in healthy volunteers, with typical apical values of 9.5°,
6.8°, and 12.5°4,5,8; and basal values of3.5° and3.1°.4,8
Effects of Dilated Cardiomyopathy
In this investigation we have shown that LV torsion is
severely depressed in patients with DCM relative to previ-
ously reported normal data.3,4,6,25,27 Furthermore, we found
greater end-systolic torsion values to be associated with
better cardiac function in patients with DCM before PLV.
We have also shown considerable variability in LV sys-
tolic rotation among patients with DCM with otherwise
similarly depressed cardiac function. Rotation patterns in
the current study fell into 2 categories (Figure 2). In most
cases the LV apex and base rotated together throughout
systole, with no appreciable torsion generation. In the re-
maining cases the pattern of LV rotation was approximately
normal at both the apex and base,4 although the magnitude
of rotation was reduced at each level.
Figure 3. Changes in end-systolic (ES) rotation from baseline (BL)
to after PLV (PLV) at base (B), midventricle (M), and apex (A) for
each patient (PT) imaged at both times.
Figure 4. Pooled global and regional end-systolic (ES) rotations at
base, midventricle (Mid), and apex for patients at baseline (white
bars) and after PLV (striped bars). Apical results are shown for
whole slice (ALL), free wall (FRE), and septum (SEP). Results for
midventricle and base are shown for whole slice (ALL), anterior wall
(ANT), inferior wall (INF), lateral wall (LAT), and septum (SEP).
Lateral wall results are absent after PLV because this tissue was
removed during surgery. Error bars represent SD. Asterisk indicates
P< .05 for difference in rotation at given location between baseline
and post-PLV studies; dagger indicates P < .02 for difference in
rotation at given location between baseline and post-PLV studies.
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It is thought that LV torsion is influenced by myofiber
contractility and ventricular microstructure, with the latter
consisting of myofiber orientation and extracellular matrix
composition and architecture.26 Myocardial fibrosis is in-
creased in DCM, accompanied by reduced collagen tethers
between myofiber bundles and a diminished collagen I/III
ratio, and is associated with impaired cardiac function.11,28
It has been postulated that these factors could contribute to
myofiber rearrangement and slippage11 and might influence
LV torsion as well. The degree of fibrosis in DCM is
variable both within and among patients, offering a possible
explanation for the differences in rotation patterns observed
in this study.28,29 Intrapatient fibrosis variability has also
been shown to persist after PLV but is not related to patient
outcome.14,30
Effects of PLV
Three months after PLV, LV torsion was unchanged from
baseline (Figure 5). Furthermore, there was no significant
change in end-systolic rotation at the apex, which was
remote from the myectomy. However, end-systolic rotations
at the base and midventricle were reduced significantly.
A trend toward zero rotation was observed in all regions
and at all levels after PLV, possibly resulting from gross
changes in ventricular structure caused by the surgery. This
tendency was most dramatic in the anterior wall at the base and
midventricle. Therefore we should not conclude that myocar-
dial mechanics were unaffected by the surgery solely because
torsion was unchanged. On the contrary, the observed changes
in rotation indicate that myocardial mechanics were affected
significantly, and only because basal and apical rotations di-
minished similarly was torsion unchanged after PLV.
After surgery, EF and Vcf were significantly increased
relative to baseline values, but no change in cardiac index
was observed. Thus, despite the lack of improvement in
myocardial mechanics, some ejection phase indices of LV
function did improve. However, this could simply reflect
changes in LV geometry caused by surgery, with no actual
improvement in systolic function.
Limitations
Limitations of this study include the small number of pa-
tients studied after PLV. Many patients were unavailable for
study by MRI after surgery. In addition, our post-PLV
examinations were biased toward patients in relatively bet-
ter health and with more favorable outcomes than the PLV
population in general. Furthermore, we only used load-
dependent indices to assess LV function.
In some cases portions of the LV wall were only a single
tag width thick, which added uncertainty to the rotation
measurements. Through-plane motion of short-axis slices
during systole has been shown to be significant in healthy
patients and was not accounted for in this study.31 However,
mitral valve plane motion was minimal in these patients (the
Figure 5. Systolic torsion in all patients at baseline (line) and after PLV (diamonds). Overall, torsion was
unchanged after PLV, although it tended to approach zero at all systolic time points after surgery.
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average long-axis length change during systole was less
than a single slice thickness), and we therefore do not
consider this factor to have significantly affected our results.
Finally, in some cases we had difficulty defining the ante-
rior-inferior wall junction after PLV, which along with the
inclusion of scar tissue from this region in our analysis may
have negatively affected our results.
Conclusions
LV rotation and torsion are impaired in DCM, possibly as a
result of diminished myocardial contractility and increased
fibrosis. However, considerable heterogeneity in rotation
patterns exists among patients with DCM. PLV caused
significant regional changes in end-systolic rotation at basal
and midventricular levels, coinciding with the myocardial
excision, but apical values were unchanged. We believe that
cardiac MRI with dynamic tissue tagging provides valuable
insight into the function of the LV in patients with DCM
and can be applied to planning and monitoring their re-
sponses to both medical and surgical therapies. In addition,
it can be used for noninvasive assessment of the efficacy of
new therapeutic procedures under consideration for the
treatment of congestive heart failure.
We thank Bernhard Sturm, PhD, Tiffany Buda, RN, and Chris-
tine Lorenz, PhD, for their contributions to this article.
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